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Abstract We forecast time-independent and time-dependent earthquake ruptures in the Marmara region of
Turkey for the next 30 years using a new fault segmentationmodel. We also augment time-dependent Brownian
passage time (BPT) probability with static Coulomb stress changes (ΔCFF) from interacting faults. We calculate
Mw> 6.5 probability from 26 individual fault sources in the Marmara region. We also consider a multisegment
rupture model that allows higher-magnitude ruptures over some segments of the northern branch of the North
Anatolian Fault Zone beneath the Marmara Sea. A total of 10 different Mw=7.0 to Mw=8.0 multisegment
ruptures are combined with the other regional faults at rates that balance the overall moment accumulation. We
use Gaussian random distributions to treat parameter uncertainties (e.g., aperiodicity, maximum expected
magnitude, slip rate, and consequently mean recurrence time) of the statistical distributions associated with each
fault source. We then estimate uncertainties of the 30 year probability values for the next characteristic event
obtained from three different models (Poisson, BPT, and BPT+ΔCFF) using a Monte Carlo procedure. The Gerede
fault segment located at the eastern end of the Marmara region shows the highest 30 year probability, with a
Poisson value of 29% and a time-dependent interaction probability of 48%. We find an aggregated 30 year
Poisson probability of M> 7.3 earthquakes at Istanbul of 35%, which increases to 47% if time dependence and
stress transfer are considered. We calculate a twofold probability gain (ratio time dependent to time
independent) on the southern strands of the North Anatolian Fault Zone.

1. Introduction

The devastating 17 August 1999 Izmit (Mw7.4) and 12 November 1999 Düzce (Mw7.1) earthquakes in the
Marmara region of Turkey ruptured adjacent segments of the North Anatolian Fault Zone (NAFZ) [Barka, 1999;
Barka et al., 2002; Utkucu et al., 2003]. This fault zone slices through Northern Turkey for more than 1500 km,
accommodating ~25mm/yr of right-lateral motion between the Anatolia microplate and the Eurasian plate [i.
e., Reilinger et al., 2006]. It has generated more than 10 M≥ 6.7 earthquakes during the 20th century, often with
tragic results (Table 1). A pair of earthquakes brokemuch of the NAFZ under the Sea of Marmara in 1766, but they
left a 150 km long unruptured section in the immediate vicinity of the broader Istanbul metropolitan area
(“Marmara seismic gap”) where amajor earthquake with amagnitude of up to 7.4 is expected for the near future.
Recent studies confirm that present-day tectonic loading, seismic slip deficit, and thus the probability of having a
large earthquake appear to be particularly high along the segments located in the Marmara Sea, southwest of
Istanbul [Hubert-Ferrari et al., 2000; Armijo et al., 2005; Pondard et al., 2007; Bohnhoff et al., 2013].

Stress transfer from the Mw7.4 Izmit earthquake of 1999 may have exacerbated the problem; Parsons et al.
[2000] calculated a combined interaction probability for faults within 50 km of Istanbul to be 62 ± 15% (with
quoted uncertainties at 1σ) to cause strong shaking (ModifiedMercalli Intensity scale ≥ VIII) for the periodMay
2000 to May 2030. New high-resolution images of the Marmara seafloor [Le Pichon et al., 2001; Armijo et al.,
2002, 2005] enabled detailed fault mapping and updated 30 year earthquake probability calculations
(2004–2034) for the Sea of Marmara region and the city of Istanbul (51 ± 18% regional interaction probability,
39 ± 18% for Istanbul) [Parsons, 2004].

The Marmara region is confronted by a real earthquake threat, and the need for accurate seismic hazard
assessments has become progressively more important [Atakan et al., 2002; Erdik et al., 2004; Kalkan et al.,
2009; Gülerce and Ocak, 2013].

In this study, we propose a fault segmentation model based on new knowledge of the NAFZ configuration,
and by integrating the geometrical parameters of each fault segment with seismological data and fault slip
rate estimates [e.g., Armijo et al., 2002; Hergert and Heidbach, 2010]. As long as the fault geometry and tectonic
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interpretations of the Marmara Sea region are subject to interpretation [Aksu et al., 2000; Imren et al., 2001; Le
Pichon et al., 2001; Armijo et al., 2002, 2005; Pondard et al., 2007], we integrate as many observations as pos-
sible to constrain earthquake probabilities for the Marmara region taking into account three major strands:
the northern (NNAF) branch, which enters the Marmara Sea, and the central (CNAF) and southern (SNAF)
branches, which run onland, south of the Marmara region.

The regularity of earthquake ruptures can be affected by interaction between neighboring faults, which modifies
the probability of future events [e.g., Parsons, 2005]. We incorporate these effects by applying two probability mod-
els, BPT and BPT together with a Coulomb stress transfer (BPT+ΔCFF), that consider fault interactions, to assess the
occurrence probability of future earthquakes in the next 30years starting on 1 January 2015. The time-independent
Poisson model is also considered in the probability computation. For a comparison among the results obtained
from the three different models, we consider the 16th, 50th, and 84th percentiles of a Monte Carlo distribution
of probability calculations developed by varying parameter uncertainties and constrained by moment balancing
against the measured relative block motion between the Anatolian and Eurasian plates.

It is important to underline that in this paper we focus only on the first component of the probabilistic seismic
hazard assessment (PSHA), as it defines an earthquake rupture forecast and their probabilities and does not
deal with the relative ground motions produced by the earthquake rupture. The second part, which includes
an estimate of occurrence probabilities combined with estimates of ground shaking, will be examined in a
future study in the same region, and especially for the city of Istanbul. The possibility that a seismic gap close

Table 1. Fault Parameters Used in the Modelinga

# Fault Name Kin
Magnitude Source

50th Percentile
Strike-Slip
Rate (mm/yr)

Dip-Slip
Rate (mm/yr) L (km) H (km) W (km) (1σ)

1 Izmit-S3 SS 7.6 20 ± 2 (1; 2) 0 ± 1 (3) 158 (4; 5; 6) 15 ± 2.0 15.0 ± 1.0
2 Çınarcık SS 7.0 14 ± 2 (2; 10) �4 ± 2 (2; 10) 44 (11; 12; 13; 14; 15) 15 ± 2.0 15.0 ± 0.9
3 South Çınarcık N 7.2 3 ± 1 (10) �4 ± 2 (10) 48 (12; 13; 14; 17) 15 ± 2.0 16.6 ± 1.1
4 Central Marmara SS 7.1 18 ± 2 (1; 10) 0 ± 1 (3; 10) 49 (12; 13; 14) 15 ± 2.0 15.1 ± 0.9
5 West Marmara SS 7.2 18 ± 2 (1; 10) �1 ± 1 (3; 10; 19) 61 (11; 12) 15 ± 2.0 15.4 ± 1.0
6 Ganos SS 7.3 19 ± 2 (1; 2; 10; 21; 22) 0 ± 1 (3; 10) 74 (21; 23) 15 ± 2.0 15.6 ± 1.0
7 North Saros SS 7.1 10 ± 2 (1; 25) �2 ± 1 (3; 19) 46 (26) 15 ± 2.0 15.6 ± 1.0
8 South Saros SS 7.1 10 ± 2 (1; 3; 25) �2 ± 1 (3; 19) 45 (26) 15 ± 2.0 15.6 ± 1.0
9 Mudurnu SS 7.2 10 ± 2 (1; 3; 19) 1 ± 1 (19) 70 (27; 28; 29) 15 ± 2.0 15.0 ± 0.9
10 Abant SS 7.1 10 ± 2 (1; 3; 19; 32) 1 ± 1 (19) 55 (27; 28) 15 ± 2.0 15.0 ± 0.0
11 Düzce-S1 SS 7.1 15 ± 3 (1; 34) 0 ± 1 (3) 42 (35) 15 ± 2.0 15.7 ± 1.0
12 Gerede SS 7.1 24 ± 1 (1; 3; 19; 32) 6 ± 1 (3; 19) 165 (28; 37) 15 ± 2.0 15.1 ± 1.0
13 Geyve N 7.1 5 ± 2 (1; 3) �11 ± 4 (3; 19) 49 (38; 40) 15 ± 2.0 15.3 ± 1.0
14 Iznik N 7.1 4 ± 1 (1; 3; 10) �11 ± 4 (3; 19) 74 (38; 40; 43) 15 ± 2.0 15.4 ± 1.0
15 Yenisehir N 7.1 3 ± 1 (1; 19) �7 ± 2 (3; 19) 40 (38; 42) 15 ± 2.0 15.4 ± 1.0
16 Gemlik SS 7.1 4 ± 1 (1; 2; 25) 0 ± 1 (10) 47 (42; 43; 44) 15 ± 2.0 15.4 ± 1.0
17 Bursa N 7.1 3 ± 1 (1; 3) �6 ± 4 (3; 45) 67 (45) 15 ± 2.0 15.2 ± 1.0
18 South Marmara SS 7.1 3 ± 1 (1; 10;47) 0 ± 1 (10) 83 (44; 47) 15 ± 2.0 15.3 ± 1.0
19 Kemalpasa N 7.1 4 ± 3 (1; 3; 19; 45) �8 ± 3 (3; 19) 41 (45) 15 ± 2.0 15.3 ± 0.9
20 Manyas N 7.1 3±2 (1; 3; 19; 45) �8 ± 3 (19; 3; 45) 55 (45) 15 ± 2.0 15.3 ± 0.9
21 Bandirma SS 7.2 3 ± 1 (3) 41 (28; 38; 42) 15 ± 2.0 16.1 ± 1.0
22 Gönen SS 7.2 6 ± 3 (1; 3; 19; 45; 46) �1 ± 3 (3; 45) 50 (46) 15 ± 2.0 16.0 ± 1.0
23 Biga SS 7.2 2 ± 1 (1; 3; 10) 0 ± 1 (10) 57 (28; 38; 42) 15 ± 2.0 16.1 ± 1.0
24 Pazarkoy SS 7.2 3±1 (1; 19) �1 ± 3 (3) 54 (28; 38; 42) 15 ± 2.0 16.0 ± 1.1
25 Can SS 7.2 3 ± 1 (1) 53 (28; 38; 42) 15 ± 2.0 16.0 ± 1.0
26 Ezine SS 7.2 2 ± 1 (1; 3) 56 (28; 38; 42) 15 ± 2.0 16.0 ± 0.9

aKinematics (SS = strike slip; N = normal); computed magnitude, strike and dip-slip rate; length (L); depth (H); width (W); focal mechanism; last and penultimate
events ages with their maximum expected magnitude (Ms), computed by instrumental or historical data, otherwise by fault geometry [Wells and Coppersmith,
1994]. Reference numbers refer to (1) Flerit et al. [2003], (2) Ergintav et al. [2014], (3) Meade et al. [2002], (4) Barka [1999], (5) Dolu et al. [2007], (6) Rockwell
et al. [2002], (7) Tibi et al. [2001], (8) Klinger et al. [2003], (9) Parson [2004], (10) Hergert and Heidbach [2010], (11) Armijo et al. [2002], (12) Le Pichon et al. [2001,
2003], (13) Carton et al. [2007], (14) Laigle et al. [2008], (15) Bulut et al. [2009], (16) Ambraseys [2002], (17) Armijo et al. [2002, 2005]; (18) Taymaz et al. [1991]
and McKenzie [1978]; (19) Reilinger et al. [2006], (20) Guidoboni and Comastri [2005], (21) Meghraoui et al. [2012] and Aksoy et al. [2010], (22) Motagh et al.
[2007], (23) Altunel et al. [2004]; (24) Rockwell et al. [2001], (25) Gasperini et al. [2011], (26) Yaltirak [2002] and McNeill et al. [2004], (27) Ambraseys and Jackson
[1998], (28) Barka [1996], (29) Ambraseys and Zatopek [1969], (30) Canitez [1972], (31) Palyvos et al. [2007], (32) Straub et al. [1997], (33) Ambraseys [1970], (34)
Pucci et al. [2008], (35) Pucci et al. [2007], (36) Pantosti et al. [2008], (37) Kondo et al. [2010], (38) Barka and Kadinsky-Cade [1988], (39) Ketin [1969], (40) Doğan
et al. [2015], (41) Guidoboni et al. [1994], (42) Saroglu et al. [1992], (43) Barka and Kuscu [1996], (44) Kuşçu et al. [2009], (45) Selim and Tüysüz [2013] and Selim
et al. [2013], (46) Kürçer et al. [2008], and (47) Kurtuluş and Canbay [2007] and Vardar et al. [2014].
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to failure exists near Istanbul motivated the MARSite European Integrated Project that is aimed at mitigating
seismic risk. This study contributes an earthquake rupture forecast that includes multisegment ruptures up to
Mw~ 8.0 that could affect Istanbul and surroundings.

2. Tectonic Setting

The east-west trending, right-lateral NAFZ extends 1500 km from the northern Aegean Sea to the Karliova tri-
ple junction in Eastern Turkey [Barka, 1992; Sengör et al., 2005; McKenzie, 1972; Saroglu et al., 1992] (inset of
Figure 1). The eastern NAFZ is essentially a single trace [Barka, 1996] but becomes more complex to the west
as it enters the Sea of Marmara region, splaying into different fault segments, ranging from 40 to 150 km long
(see Figure 1 and Table 1 for detailed references). West of the town of Bolu, the Gerede segment divides into
two main strands, the Düzce and Mudurnu fault segments, and farther west, it splays again into three major
strands, the northern (NNAF) branch, which enters the Marmara Sea, and the central (CNAF) and southern
(SNAF) branches, which run onland, south of it (Figure 1).

The NNAF strand forms a major transtensional NW-SE right bend under the Sea of Marmara at the Çınarcık
trough. The fault trace follows the northern margin of the Marmara Sea and connects the complex Central
Marmara and Tekirdağ pull-apart basins, before merging into the NE-SW striking Ganos fault on land. Finally,
this branch exits into the Aegean Sea through the Saros Gulf [Wong et al., 1995; Armijo et al., 1999, 2002;
Okay et al., 1999; Le Pichon et al., 2001; Yaltirak, 2002;McNeill et al., 2004]. In contrast with the NNAF, the central
(CNAF) and southern (SNAF) traces run south of the Marmara Sea and bound several Quaternary-aged basins.

Regional GPS networks measured present-day strain rates in the northern part of the Anatolian block at ~23
±3mm/yr, with vectors oriented WNW in the easternmost region, E-W in the center, and SW in the Aegean,
which indicates that most of the present-day strain is accommodated along the northern fault strand at the
Marmara Sea [McClusky et al., 2000; Meade et al., 2002; Reilinger et al., 1997, 2006; Hergert and Heidbach, 2010;
Hergert et al., 2011]. The NNAF is the most active with right-lateral slip rates of 14–24mm/yr. The CNAF branch
shows about 5mm/yr of right-lateral deformation distributed along several fault strands. The oblique right-lateral
SNAF strand accommodates 2–6mm/yr of dextral slip and up to 8mm/yr of dip slip [Meade et al., 2002;

Table 1. (continued)

Strike (°) Dip (°) Rake (°) Last Event (AD) Last Event (Ms)
Penultimate
Event (AD)

Penultimate
Event (Ms) T elapsed (yrs)

268 84 180 17/08/1999 (7) 7.4 (Mw) 25/05/1719 (8; 9) 7.4 16
116 88 196 10/07/1894 (16) 7.3 25/10/989 (16) 7.2 121
283 65 233 18/09/1963 (18) 6.4 02/09/1754 (9;16) 6.8–7.0 52
83 84 180 22/05/1766 (16) 7.1 10/09/1509 (16) 7.2 249
84 78 183 18/10/1343 (16; 20) 7.0 23/09/1063 (16; 20) 7.4 672
246 75 180 09/08/1912 (9; 16; 24; 21) 7.4 05/08/1766 (9; 16; 24; 21) 7.4 103
76 75 191 13/09/1912 (16) 6.8 17/02/1659 (16) 7.2 103
241 75 191 21/08/1859 (16) 6.8 18/05/1625 (16) 7.1 156
291 85 174 22/07/1967 (29; 30) 7.2 00/00/1600 (31) ? 48
236 85 174 26/05/1957 (27; 33) 7.2 17/08/1668 (27; 33) 7.9 58
262 73 180 12/11/1999 (7) 7.1 (Mw) 25/05/1719 (36) 7.4 16
261 85 166 01/02/1944 (18; 27; 33; 38; 39) 7.4 17/08/1668 (27; 33) 7.9 71
256 78 246 01/06/1296 (16) 7.0 11/10/368 (16; 27; 41) 6.8 719
259 78 250 15/03/1419 (16; 20; 27) 7.2 00/00/121 (16; 41) 7.4 596
237 78 247 01/09/1065 (16; 20) 6.8 950
271 78 180 11/04/1855 (16; 20; 27) 6.6 160
261 80 243 00/00/1143 (20) ? 872
268 78 180 10/05/1556 (16) 7.2 26/10/740 (16) 7.1 459
254 78 243 28/02/1855 (27; 38) 7.1 - 160
282 78 249 10/06/1964 (16; 18; 27) 6.9 00/11/368 (16) 6.8 51
231 70 180 10/11/123 (16) 7.0 - 1892
243 70 189 18/03/1953 (16; 18; 27; 20; 38) 7.1 00/00/1440 (46) ? 62
241 70 180 03/03/1969 (18) 6.0 7/04/460 (16; 27; 41) 6.9 46
60 70 198 06/10/1944 (16) 6.8 00/00/160 (16) 7.1 71
241 70 180 06/03/1737 (16) 7,0 00/00/155 (16; 27) 6.5 278
238 70 180 14/02/1672 (16) 7.0 343
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Selim et al., 2013]. Thus, the various NAF strands reveal slip partitioning, combining primary right-lateral and sec-
ondary vertical motions [Flerit et al., 2003, 2004;Woodcock and Fischer, 1986; Pantosti et al., 2008; Pucci et al., 2008].

It is possible to balance seismic strain rate released by historical and instrumental seismicity against the geodetic
strain rate [Parsons, 2004], although alternative interpretations suggest significant aseismic creep on the central
NAF [Ergintav et al., 2014]. This controversy results from uncertainty in locating historical earthquakes through
observed intensities versus interpreting GPS transects that are necessarily incomplete because of the lackingmea-
surements in the Marmara Sea offshore. We adopt a conservative approach of assuming complete fault coupling
since the spatial and temporal resolution of the existing seismic observations does not allow us to accurately dis-
tinguish the differences between locked and creeping segments in the NAFZ [e.g., WGCEP (Working Group on
California Earthquake Probabilities), 1995, 2003, 2008; Field et al., 2009, 2014]. Efforts on the high-resolution seismic
networking (borehole based) in the Marmara Sea may provide better insights into the behavior of the faults with
seismic earthquake gap and detect possible creeping processes impeding the occurrence of large earthquakes.

3. Historical Seismicity

Seismicity in the NAFZ is characterized by large (M> 7) right-lateral strike-slip earthquakes [McKenzie, 1972;
Reinecker et al., 2004] (see http://www.world-stress-map.org; Table 2 and Figure 1). During the 20th century, the
North Anatolian Fault produced a sequential westward progression of Mw> 6.7 earthquakes along the fault
[Ambraseys, 1970; Barka, 1996; Stein et al., 1997]. The only significant portion of the NNAF that has not ruptured
in the past 200 years lies submerged beneath theMarmara Sea. However, this potential seismic gap has produced

large historical earthquakes andmay thus be
close to failure [Hubert-Ferrari et al., 2000;
King et al., 2001; Tibi et al., 2001; Rockwell
et al., 2001; Ambraseys, 2002; Meghraoui
et al., 2012; Aksoy et al., 2010].

Although the CNAF and SNAF strands have
lower slip rates with respect to the NNAF,
several historical and instrumental earth-
quakes (up to Ms7.2) can be related to spe-
cific segments that produced remarkable
surface ruptures in the past and that threa-
ten highly populated towns such as Bursa,
Iznik, and Biga [McKenzie, 1978; Barka and
Kadinsky-Cade, 1988; Taymaz et al., 1991;
Guidoboni et al., 1994; Ambraseys and
Jackson, 1998; Ambraseys, 2002; Guidoboni
and Comastri, 2005; Kürçer et al., 2008]
(Table 1 and Figure 1).

Figure 1. Fault segmentationmodel and the seismic activity withM> 4.0 from 1 January 1900 to 31 December 2006 for theMarmara region. The slip rates along the strike
and dip are also shown. The inset shows some segments of the North Anatolian Fault, to the south of Istanbul. The black numbers refer to the fault names as in Table 1.

Table 2. Historical Earthquakes in the Sea of Marmara Region
During the Past ~400 Years

M Date

6.4 18 Sep 1964
7.3 10 Jul 1894
7.6 5 Aug 1766
7.1 22 May 1766
6.9 2 Sep 1754
7.2 10 Sep 1509
7.2 12 Nov 1999
7.4 17 Aug 1999
7.3 9 Aug 1912
6.0 3 Mar 1969
6.6 11 Apr 1855
7.0 6 Mar 1737
7.0 14 Feb 1672
6.9 10 Jun 1964
7.1 18 Mar 1953
6.8 6 Oct 1944
7.1 28 Feb 1855
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4. Segmentation Model

Segmenting a fault zone and assigning historical earthquakes to particular fault segments represent major
assumptions that are subject to unquantifiable forecast errors, as segment boundaries and historic earth-
quake locations are highly dependent on the input data used and the assumptions made. Segment lengths
control themagnitude distribution, and historical earthquake locations impact the time elapsed since the last
rupture of a given fault segment.

The segment model defined here was based on the most detailed fault traces of the NAFZ branches available
in the literature (Figure 1), and on the basis of their geometrical and structural arrangement when expressed
at the surface (for details, see Chapter S1 in the supporting information). Segmentation of the NNAF beneath
the Marmara Sea is especially difficult because the fault traces are not directly observable [Aksu et al., 2000;
Imren et al., 2001; Le Pichon et al., 2001; Armijo et al., 2002, 2005; Pondard et al., 2007]. These segments are
bounded by geometric fault complexities and discontinuities (e.g., jogs and fault bends) that act as barriers
to rupture propagation [Segall and Pollard, 1980; Barka and Kadinsky-Cade, 1988;Wesnousky, 1988; Lettis et al.,
2002; An, 1997]. Where possible, the reconstruction of the fault traces and boundaries at the surface is
informed by seismotectonic studies of recent earthquakes (e.g., 1999 Izmit and Düzce seismic sequence)
[Gülen et al., 2002; Barka et al., 2002; Bohnhoff et al., 2006; Bulut et al., 2007; Pucci et al., 2007; Stierle et al.,
2014] and historical surface ruptures [Ambraseys and Jackson, 1998].

There is an ongoing debate about the magnitude-frequency distribution of large earthquakes on individual
faults [e.g., Schwartz and Coppersmith, 1984;Wesnousky, 1994; Stein and Newman, 2004; Page et al., 2011; Page
and Felzer, 2015]. We therefore develop a primarily characteristic earthquake rate model but also carry an
alternative model that allows multisegment ruptures [e.g., Field et al., 2014] on the NNAF crossing the Sea
of Marmara based on the possibility that occasional very large ruptures could bypass geometric fault com-
plexities and discontinuities [e.g., Le Pichon et al., 2001, 2003]. This possibility is supported by the occurrence
of historically documentedM~ 8 earthquakes along the NAFZ, east of the Marmara region (e.g., 1046M~7.8,
1668 M~ 7.9, and 1939 M~ 7.9) [Ambraseys and Finkel, 1995; Ambraseys and Jackson, 1998; Kondorskaya and
Ulomov, 1999; Zabcı et al., 2011]. We therefore segment the faults (based on geologic information) at lengths
near the minimum magnitude of our forecast (Mw~ 7.0). Also, we allow multisegment ruptures, up to
Mw~ 8.0, as occurred during the 1766 events when the Central Marmara (#4) and West Marmara (#5) seg-
ments ruptured simultaneously [Parsons et al., 2000; Hubert-Ferrari et al., 2000]. This evidence reinforces the
possibility that other multifault ruptures can occur in the Marmara Sea region. We include multisegment rup-
tures because at this time, there is no conclusive evidence proving that these ruptures cannot occur.
Therefore, a comprehensive rupture forecast must include improbable but not impossible very large earth-
quakes. Moreover, our observation time is too short to have a complete record of infrequent, long-recurrence
time earthquakes in the study region. We thus apply an earthquake simulator that can span much longer per-
iods to produce long histories of simulated fault system characteristics and earthquake catalogs.

We adopt the fault geometry proposed by Armijo et al. [2002] in the Marmara Sea region because it produces
the bestmatch to the observedMarmara Sea basinmorphology and geology [Flerit et al., 2003;Muller and Aydin,
2005; Carton et al., 2007; Pondard et al., 2007]. This model results in a more conservative approach because it
includes more active faults. Changes in the NAFZ strike cause fault segments to evolve their kinematics from
transtensive to transpressive. The largest geometrical complexity is the releasing double bend formed at the
eastern Marmara Sea by the steeply dipping Çınarcık fault, which presents an important normal component.
The submarine morphology [Armijo et al., 2005; Laigle et al., 2008] shows evident fault scarps beneath the
Sea of Marmara that correspond to the 1912 and probably August 1766 earthquakes, as well as a new active
fault showing a large submarine fault break south of the Çınarcık basin (South Çınarcık fault). The remaining sur-
face fault traces and kinematics of the model (the CNAF and SNAF strands) are compiled from geologic map-
ping [Barka and Kadinsky-Cade, 1988; Saroglu et al., 1992; Barka, 1996; Barka and Kuscu, 1996; Kurtuluş and
Canbay, 2007; Kürçer et al., 2008; Kuşçu et al., 2009; Selim and Tüysüz, 2013; Selim et al., 2013; Vardar et al., 2014].

The maximum seismogenic depth is assumed to be 10–15 km on the basis of the locking depth suggested by
mechanical best fit modeling of GPS data [Flerit et al., 2003] and by the depth extent of instrumental seismi-
city [Taymaz et al., 1991; Gürbüz et al., 2000; Özalaybey et al., 2002; Örgülü and Aktar, 2001; Pınar et al., 2003].

All segments are assumed to be near vertical with right-lateral slip as suggested by geological, seismological,
and GPS data. Along the NNAF, only the South Çınarcık (#3) is considered to have an important dip-slip
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component based on seismological data [McKenzie, 1978; Taymaz et al., 1991]. Faults associated with a releas-
ing bend along the CNAF and SNAF (# 13, 14, 15, 17, 19, and 20 in Figure 1 and Table 1) have a considerable
normal component as interpreted from GPS data [Meade et al., 2002; Reilinger et al., 2006; Hergert and
Heidbach, 2010; Ergintav et al., 2014].

We integrate geometrical and behavioral characteristics by introducing earthquakemagnitude and slip rates for
each fault within the segmentation model. The association of historical and instrumental earthquakes with the
segmentation proposed for the three strands of the North Anatolian Fault in the Marmara region, shown in
Figure 1, is given in Table 1. In addition, the maximum expected earthquake magnitude, the elapsed time since
the last event, and the horizontal and vertical component of the slip rates are assigned for each fault segment.
The rake values for each source were determined from the horizontal and vertical components of the slip rates
and dip angles. Themaximum expectedmagnitude is assigned on the basis of the implied rupture area for both
single and multisegment ruptures (section 5.1). The magnitude is calculated by testing different empirically
derived magnitude-area relationships, like Hanks and Bakun [2008, equations 3 and 4], Wells and Coppersmith
[1994, equation in Table 2A for all faulting types], Ellsworth “B” [WGCEP, 2003, equation 4.5], and Papazachos et al.
[2004, equation 8]. Figure 2 compares the rupture area of our data set with the different cited relationships,
showing a difference in magnitude within the order of 0.1. Considering this low difference, we choose the
Ellsworth “B” relation (Mw= log(A) + 4.2, WGCEP [2003]). On the basis of this relationship, a further constraint
for the segment area is given by the magnitude of the assigned historical earthquakes. Similarly, Field et al.
[2014, Figure 12] through a consensus process could not identify a preferred magnitude-area relation and gave
equal weight to Hanks and Bakun [2008], Ellsworth “B” [WGCEP, 2003], and Shaw [2009, 2013].

The deformation rates produced by the three strands of the NAFZ in the Marmara region are mostly derived
from GPS studies [Meade et al., 2002; Reilinger et al., 2006; Hergert and Heidbach, 2010; Ergintav et al., 2014]. A
detailed study of individual segments from both interferometric synthetic aperture radar and geological
investigations provides slip rates along the NNAF strand [Motagh et al., 2007; Pucci et al., 2008; Aksoy et al.,
2010; Gasperini et al., 2011; Meghraoui et al., 2012]. We used the results of the best fit mechanical models
[Flerit et al., 2003; Armijo et al., 2002] that match the Straub et al. [1997] data for NNAF fault segments with
unknown slip rates. Along the CNAF and SNAF strands, a few detailed studies of individual segments provide
geological slip rates [Gasperini et al., 2011; Selim et al., 2013]. Here, since Armijo et al. [2002] and Flerit et al.
[2003] model the CNAF and SNAF strands as a single discontinuity, we split its velocity. The proportion of
the slip between the two southern strands is based on conclusions made by Straub et al. [1997], with the
CNAF being slightly faster (~4–5mm/yr) than the SNAF (~2–3mm/yr).

5. Determining Earthquake Recurrence Rates

A simple spring-mass model proposed by Reid [1911] in his pioneering work has been the most popular idea
adopted so far for modeling earthquake occurrence on long timescales. This idea led to the development of
the concepts of seismic gap [Mogi, 1968] and the characteristic earthquake [Schwartz and Coppersmith, 1984;

Figure 2. The magnitude-area relationships tested in the paper for the Marmara Sea region.
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Nishenko and Buland, 1987; Wesnousky, 1994], where earthquakes recur quasi-periodically on identified fault
segments. The characteristic earthquake rupture model is supported by paleoseismological observations
[Schwartz and Coppersmith, 1984; Wesnousky, 1994; Hecker and Abrahamson, 2004] and can greatly simplify
earthquake rupture forecasting. If the same event has occurred repeatedly in the past, then there is implied
predictability. In this case, an earthquake of the same magnitude recurs with a constant interval. This prob-
abilistic approach for forecasting the time of the next earthquake on a specific fault segment was initially pro-
posed by Utsu [1972a, 1972b], Rikitake [1974], and Hagiwara [1974].

Renewal models that describe main shock seismic cycles, such as the Brownian Passage Time (BPT) model
[Kagan and Knopoff, 1987; Matthews et al., 2002], are associated with the hypothesis of characteristic earth-
quake and are easy to adopt. The quasi-periodic (mostly BPT-type) hypothesis of characteristic earthquake
occurrence on specific faults has been considered and widely used in some regions of moderate to high seis-
mic activity like in the San Francisco Bay region [e.g.,WGCEP, 2003], as well as in Italy [Akinci et al., 2009, 2010].
Assumptions concerning the recurrence time distribution are still an open question in part because of the
effect of fault interactions.

The geodetically measured cumulative strain across the plate boundary between Anatolia and Eurasia is an inde-
pendent constraint on determining earthquake rate models (often referred to as moment balancing [e.g., Field
et al., 2014]). We therefore draw transects perpendicular to the North Anatolian Fault system in the Sea of
Marmara region and calculate line integrals for transform motion on them. For each realization from the
Monte Carlo simulations, we compare the summed seismic slip implied by the earthquake rate model (coseismic
slip/mean recurrence interval) and retain only those branches that fall within the entire observed geodetic rate of
23±3mm/yr, that is, the three strands of the North Anatolian Fault in the Marmara region [Reilinger et al., 2006;
Hergert et al., 2011; Ergintav et al., 2014]. This slip rate must accommodate the sum of all rupture types on the
same transect with their respective occurrence rate [see Field and Page, 2011, equation 1]. So they cannot be con-
sidered independently of each other, but their summust fit the total slip rate. We assume complete seismic cou-
pling in the absence of direct evidence for continuous fault creep throughout the seismogenic crust.

We consider a fully characteristic model with the recurrence time (Tr) being the basic ingredient to compute
earthquake probability, both under a time-independent, Poissonian assumption and under a time-
dependent, renewal approach. Since we do not have multiple characteristic events associated with the same
fault segment, the value of Tr has to be derived by the combination of fault rupture parameters. We invoke
conservation of seismic moment rate as proposed by Field et al. [1999]. The mean recurrence time in years
(Tr) is computed as

T r ¼
:
M0

μVA
; (1)

where
:
M0 = 10(1.5M+9.05)/t is the seismic moment rate of the fault segment,M is the magnitude, μ is the shear

modulus (μ= 30GPa), V is the long-term slip rate in meters per year, defined as the ratio of shear stress to
shear strain, and A is the fault area. The annual mean rate of characteristic earthquake occurrence is the
inverse of the mean recurrence time. The coefficients 1.5 and 9.05 (SI units) in equation (1) are those pro-
posed by Hanks and Kanamori [1979], Anderson and Luco [1983], and WGCEP [1995].

5.1. Moment-Balancing Multisegment Rupture Rates and Recurrence

We consider an alternative earthquake rupture model that includes the possibility that occasionally, more
than one defined segment of the NNAF can connect up to generate higher-magnitude ruptures beneath
the Sea of Marmara [e.g., Le Pichon et al., 2001, 2003]. Important issues are then how to define the proportion
of ruptures that connect up relative to single-segment earthquakes and also to ensure that the overall fault
zone moment budget is not violated.

We use a simple earthquake simulator [Parsons and Geist, 2009; Parsons et al., 2012] to calculate earthquake rup-
ture rates on the NNAF as constrained by long-term average fault slip rate and GPS transects. We generate a
cumulative slip budget over a sufficiently longmodel duration (100 kyr) for each segment that can join inmulti-
segment ruptures (#1, 2, 4, 5, and 6 in Figure 1). There are 10 total combinations possible among these seg-
ments (1 + 2, 1 + 2+4, 1 + 2+4+5, 1 + 2+4+5+6, 2+ 4, 2+ 4+5, 2 + 4+5+6, 4 + 5, 4 + 5+6, and 5+6) with
a magnitude range between Mw=7.0 andMw=8.0 (calculated using the “Ellsworth B” relation [WGCEP, 2003]).
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We populate the NNAF faults with earthquake ruptures until the slip budgets for each segment are used up.
Trial earthquake magnitudes are drawn at random from a predefined magnitude-frequency distribution.

We use two different distributions, a power law Gutenberg-Richter (GR) distribution [Gutenberg and Richter,
1956] and a characteristic distribution (CH) to assess the effects of input magnitude-frequency distribution.
A characteristic model departs from the log-linear relationship of a Gutenberg-Richter model by distributing
a variable amount of the moment into larger-magnitude events. The exact proportion of this shift is not expli-
citly defined and can vary from fault to fault. We therefore begin with an input model with a uniform
magnitude-frequency distribution (CH, b=0.0) and a GR model (b= 1.0) and allow the fault geometry to
define magnitude rates.

Figure 3. (a) The input magnitude-frequency (MF) distribution of trial ruptures and (b) the resulting distributions of rup-
tures that fit the segmentation and slip rates. (c and d) The same information is plotted except that the input distribu-
tion (Figure 3c) is characteristic. (e) The relative percentage of available magnitudes is shown, which is dependent on the
segment definitions shown in Figure 1.

Journal of Geophysical Research: Solid Earth 10.1002/2015JB012595

MURRU ET AL. OCCURRENCE PROBABILITY IN MARMARA SEA 8



The average slip (S) associated with
the trial earthquake is calculated
through the moment-magnitude
relation of Hanks and Kanamori
[1979] assuming a shear modulus
of μ=30GPa as

S ¼ 10 1:5Mþ9:05ð Þ

μA
; (2)

where A is the rupture area and μ is
defined as the ratio of shear stress
to shear strain. If the potential mag-
nitude cannot be fit into the avail-
able area and slip budget, it is
passed over and a new magnitude
is attempted. Since we assign initial
rupture locations at random, we
must make multiple simulations to
reduce the influence of the starting
rupture locations.

Figures 3a and 3c give the input magnitude-frequency under the two assumptions (GR and CH), respectively.
The results of the calculations (Figures 3b and 3d) indicate the percentage of possible events versus magnitude
that fit the segmentation and slip rates for GR and CH distributions, respectively. The limitedmagnitude options
inherent to the segment definitions mean that the output rupture rates are not extremely sensitive to the input
magnitude-frequency distributions (Figure 3) except where expected, with more balance given to high-
magnitude events at the expense of smaller ruptures in the characteristic input. Figure 3e shows the relative
percentage of available magnitudes for all segment combinations. In Table 3, we give the magnitudes and
the mean recurrence intervals (MRI) of all the single-segment and multisegment ruptures as a function of GR
and CH distributions, respectively. The rates of each segment are provided as the inverse of the MRI. These
mean recurrence intervals are used for both the single ruptures (#1, 2, 4, 5, and 6) and their 10 combinations
in the probability computation.

The recently ruptured Izmit segment (#1) has a very small elapsed time ratio (0.068) in our model, and we inter-
pret this to mean that it may take at least a couple of centuries for stress to build up to a level where it can rup-
ture again (Table 1). In fact, in our combination probability computations, those ruptures along the
multisegments that accommodate the recent Izmit single rupture (1 + 2, 1 +2+4, 1 +2+4+5, and 1+2+4
+5+6) have very low rupture rates with respect to those of single ruptures. The reason is that themultisegment
ruptures need more time to be synchronized to rupture together and, as a consequence, their occurrence
becomes very unlikely in the Marmara region. Moreover, for many of those large multisegment events, we can-
not even be sure that they have occurred in the region within the period of recording seismicity by historical
and instrumental methods. In other words, existing earthquake catalogs and paleoseismic databases are not
long enough to provide a reliable estimate of long-term recurrence for those multisegment events that have
MRIs of several thousand years (Table 3). To overcome these difficulties, we use earthquake simulation algo-
rithms [Parsons et al., 2012; Console et al., 2014] constrained by long-term slip rate to produce long histories
of simulated earthquake catalogs. We show the ratio between the number of possible events in each single-
segment and multisegment rupture with respect to the total number of events for GR and CH input
magnitude-frequency distributions in Figures 4a and 4b, respectively; we find that 80% and 68% of events
occurred on single-segment ruptures for the GR and CH input distributions.

6. Earthquake Probability Models

We used three probability models to represent the recurrence time probability distribution for single-
segment and multisegment earthquakes: (1) the time-independent Poisson model, (2) the time-dependent
BPT model, and (3) an interaction model based on the BPT distribution that includes the permanent effect

Table 3. Multisegment Rupture Recurrence Intervals Calculated as a
Function of Defined Slip Rate Budgets for the NNAFa

Segments Involved M GR MRI (yr) CH MRI (yr)

1 7.6 236 354
2 7.0 235 917
4 7.1 301 806
5 7.2 382 990
6 7.2 196 268
1 + 2 7.7 7494 5201
1 + 2 + 4 7.8 6612 3341
1 + 2 + 4 + 5 7.9 5615 2402
1 + 2 + 4 + 5 + 6 8.0 3997 1264
2 + 4 7.3 1800 2788
2 + 4 + 5 7.6 4361 3833
2 + 4 + 5 + 6 7.7 9033 5128
4 + 5 7.4 764 1051
4 + 5 + 6 7.6 4370 3399
5 + 6 7.5 1033 1224

aGR stands for an input Gutenberg-Richter magnitude-frequency distri-
bution and CH stands for characteristic distribution.
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of stress interaction among faults. For a uniform Poisson model, the expected recurrence time Tr is the only
necessary parameter as

f tð Þ ¼ 1
T r

exp � t
T r

� �
; (3)

where t is the interval of interest (exposure time).

In the BPT distribution, also known as the inverse Gaussian distribution [Kagan and Knopoff, 1987], the hazard
function (the instantaneous value of the conditional rate density) begins at zero immediately after the last
characteristic event and it increases continuously with elapsed time approaching to the recurrence time. It
then is asymptotic to a constant level for elapsed times much larger than the average recurrence time. The
probability density function [Matthews et al., 2002] is given by

Figure 4. Proportion of the total number of possible multisegment earthquakes on each combination for (a) a character-
istic input magnitude-frequency distribution and (b) and Gutenberg-Richermagnitude-frequency distribution. In these two
examples, single-segment ruptures make up 68% of the total for the characteristic input and 80% for the Gutenberg-Richter.
Numbers on the horizontal axes represent segment combinations as shown in Figure 1, and on the inset map.
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f t; T r; αð Þ ¼ T r
2πα2t3

� �1=2

exp � t � T rð Þ2
2T rα2t

( )
; (4)

where t is the elapsed time from the last characteristic event and α is the coefficient of variation (also known
as the aperiodicity) of the distribution.

The computation starts at the time of the last characteristic earthquake that occurred on each segment, and the
elapsed time is reset to zero upon the occurrence of every subsequent characteristic event. The aperiodicity
parameter describes how regularly or irregularly characteristic earthquakes are expected to occur on any fault.
This parameter is ordinarily derived from the coefficient of variation of actual observed recurrence time intervals
on individual faults and can be reinforced with geological evidence [Ellsworth et al., 1999; Cramer et al., 2000].

In the absence of any statistical assessment on aperiodicity due to the low number of events reported on
each segment of the NAFZ, we have considered a range of aperiodicity values between 0.3 and 0.7 (0.5 ± 0.2).

It is well established that faults interact with one another through redistribution of stress caused by earth-
quakes, with a particularly clear example being the North Anatolian Fault [Nalbant et al., 1998; Stein et al.,
1997]. We include these interactions by calculating Coulomb static stress change (ΔCFF) [King et al., 1994] as

ΔCFF ¼ Δτ þ γ′�Δσn; (5)

where Δτ is the shear stress change in the slip direction on the receiving fault, Δσn is the normal stress change
acting on the receiver fault and γ′ is the friction parameter, usually called the effective (or apparent) friction
coefficient. It includes the effects of pore fluid as well as the material properties of the fault zone [see Harris
and Simpson, 1998, for a deeper explanation of this parameter]. Values of γ′ between 0 and 0.75 are consid-
ered plausible, with an average value of 0.4 that is widely used in studies of Coulomb stress modeling for
major faults [e.g., King et al., 1994; Harris and Simpson, 1998; Paradisopoulou et al., 2010]. It is the value
adopted in this study, which is an acceptable value as proposed by Deng and Sykes [1997a, 1997b] from
the study of 10 years of seismicity in southern California. When γ′ is high, it increases the tangential traction
needed to break. At the other extreme, when γ′= 0, the rock is so saturated that the pore pressure annihilates
the effect of the normal stress on the plane [Cattin et al., 2009]. Deng and Sykes [1997a, 1997b] constructed a
model of stress evolution in southern California for the period 1812–2025, highlighting that the stress pat-
terns corresponding to the lowest γ′ (0.2) are very similar to those obtained using a higher value (0.6).
Middleton and Copley [2013] assemble a catalogue of well-constrained focal mechanisms for earthquakes that
occurred on continental dip-slip faults and suggested, from the observed distributions, the reactivation of
structures with a low coefficient of friction (less than ~0.3, and possibly as low as ≤0.1). They proposed that
this low coefficient of friction corresponds to the presence of weak materials in preexisting fault zones.

For calculating the Coulomb failure function, knowledge of the fault parameters of the causative and receiving
sources, as well as the focal mechanism (strike, dip, and rake), dimensions (width and length), and average slip
for all the triggering earthquakes, is necessary. In our study, the cumulative stress change ΔCFF is computed
by adding the contributions from all the other sources that have ruptured after the latest known earthquake
on a given segment. The computation is carried out all over the source area for each node of a dense rectangular
grid (2×2km). Themethodology adopted is described in detail by Console et al. [2013 and reference therein]. The
algorithm for ΔCFF calculations assumes an Earth model with a half-space characterized by uniform elastic prop-
erties. Considering the absence of direct information about the slip distribution for the causative earthquakes, in
this study, we have assumed for all of them a distribution consistent with a uniform stress drop (equal to 3.0MPa)
on the rectangle of the segment fault. We have calculated the slip distribution that satisfies the condition of zero
slip on the edge andmaximum at the center on the rectangle of the causative source [Console and Catalli, 2006].

The maximum value of the slip is defined through the relation

ΔSmax ¼ 16
π2

M0

μWL
; (6)

where μ is the shear modulus of the elastic medium,W and L the dimensions of the causative fault (width and
length, respectively), andM0 is the seismic moment derived from the Kanamori and Anderson [1975] relation.

The effect of ΔCFF on the probability of future characteristic earthquakes assumes that the time elapsed since
the previous earthquake is modified from t to t′ by a shift, Δt, proportional to ΔCFF, that is,
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t′ ¼ t þ Δt ¼ t þ ΔCFF
:τ

; (7)

where the tectonic stressing rate ( :τ) is assumed unchanged by the stress per-
turbation, estimated from the segment slip rate (V) and the area of the earth-
quake source [Console et al., 2008] as

:
τ ¼ 32μV

π2
ffiffiffi
A

p ; (8)

where V is the long-term slip rate in meters per year and A is the rupture area.

Usually, the Coulomb stress change ΔCFF varies over the surface of the target
fault segment, often having negative and positive values. Positive values of
ΔCFF promote the failure while the negative values suppress it and can cause
a rupture delay. Recent studies found that a higher percentage of events
occur in regions of stress increase rather than stress decrease [Woessner
et al., 2012; Ishibe et al., 2015]. As we do not know where nucleation will take
place, we take the average of the positive stress changes as an estimate of the
stress increase that could prompt future earthquakes. Selecting the average of
the positive region is reasonable even if we consider the stress condition
before 1509, because from Parsons [2004] we have secular stressing rates
from 0.001 to 0.0064MPa/yr, which yields 0.5–3.2MPa of stress accumulation
since 1509 on the Marmara segments. This likely dwarfs any pre-1509
interaction effects.

We recalculate the 30year probability starting from 1 January 2015 for the 26
considered faults of the Marmara region, and an additional 10 combinations of
multisegment ruptures using clock changes (Δt, equation (7)) to modify last
earthquake times. The BPT+ΔCFFmodel is thus conditioned by the elapsed time
since the last characteristic earthquake on each fault, and by the history of subse-
quent earthquakes that occurred on neighboring segments [e.g., Parsons, 2004,
2005; Console et al., 2008; Falcone et al., 2010; Console et al., 2013]. To determine
the year of the last event onmultisegment ruptures, we take into account two dif-
ferent hypotheses: (1) the last event of amultisegment rupture is themost recent
event that occurred on any of its single segments or (2) the last multisegment
rupture date is set as 10 September 1509 (Ms=7.2–7.6), which is the oldest reli-
able historical earthquake (Table 1) and is one that may have crossed the Sea
of Marmara [Le Pichon et al., 2001, 2003]. For all other single segments of the
Marmara region, we use the last event that occurred on these faults.

The input GR and CH distribution models have influence on the event rates of
segments #1, 2, 4, 5, 6, and for their relative 10 combinations, and conse-
quently the timing of occurrence of the various failure models. Additionally,
the choice of the date of the last event on the multisegment ruptures influ-
ences the elapsed time in the BPT model. So we obtain the following four
combinations: (1) GR model-1509 event, (2) CH model-1509 event, (3) GR
model last event on any involved segment, and (4) CH last event on any
involved segment. In the rest of this paper, we refer to the results obtained
from the first two options (Tables 4a, 4b, 5a, and 5b). The other two are
reported as supporting information.

7. Treatment of Parameter Uncertainties

We consider uncertainties in the mean recurrence interval, aperiodicity, max-
imum expectedmagnitude, slip rate, and consequently mean recurrence time
(equations (1) and (2)) in our application of three probability models on 26 sin-
gle and 10 multiple ruptured segments in the Marmara region. MagnitudeTa
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uncertainty of historical events affects the average dislocation of the slip at
the fault center (equation (6)), which influences ΔCFF values. Recurrence
times are calculated through equation (1) considering the uncertainties in
the slip rate andmagnitude. Variability in aperiodicity, maximummagnitude,
and slip rate is represented by a Gaussian random variable truncated distri-
bution at ±2σ with mean equal to the estimated values. Aperiodicity, intere-
vent time, and magnitudes are chosen by randomly drawing 1000 times in a
Monte Carlo procedure. Then for each fault segment, the probability of
occurrence for the window chosen (30 years starting from 1 January 2015)
under Poisson, BPT, and BPT+ΔCFF models is computed, and the 16th,
50th, and 84th percentiles are identified. The 50th percentile represents
the median of the probability distribution, while the 16th and 84th percen-
tiles give the 68% confidence limits, ±1 standard deviation of the median.
Therefore, the ranges given on calculated probabilities are defined in the
same way with the percentile uncertainties for both the single-segment
and multisegment ruptures using the GR model as well as the CH model dis-
tribution (Tables 4a, 4b, 5a, and 5b). From here on, the results are given as the
50th percentile values.

8. Results of the Analysis
8.1. Probability of Occurrence From Time-Independent (Poisson) Model

The results of the probabilities for the Marmara region under three models,
shown in Table 4b, for the GRmodel-1509 event are plotted in a 2-D diagram
(Figures 5a and 5b). Figure 5a shows the mean time-independent and time-
dependent probability of occurrence from the GR earthquake model along
with the 16th, 50th, and 84th percentiles of the corresponding simulated dis-
tribution for each single fault segment. As mentioned in section 6, the GR
model is only applied for the #1, 2, 4, 5, and 6 segments and for their 10 mul-
tisegment combinations. For the other faults, the CH earthquake distribution
is adopted. In Figure 5b, we show the probability results under three models
for the 10 multisegment ruptures assumed beneath the Marmara Sea. As
shown in Figures 5a and 5b, the mean occurrence probabilities under the
Poisson model range from 0.35% (combination #2-4-5-6) to 29% (#12,
Gerede fault). We note that the maximum values of the Poisson probability
for the next 30 years are on those fault segments that have a high annual
mean rate of earthquake occurrence (that is, the lowest values of recurrence
time) and high slip rate. In the Poisson probability calculations, there are only
uncertainties in the maximum expected magnitude and slip rate, and conse-
quently the average recurrence time, which is derived from equation (1). In
fact, considering the 50th percentile for the next 30 years, the largest value
of the Poisson probability for single-segment ruptures is calculated east of
the town of Bolu on the Gerede (#12) segment of the NAF, which last rup-
tured on 1 February 1944 and has an 88 year mean recurrence time based
on a slip rate of 24.70mm/yr (Tables 4a and 5a) [e.g., Flerit et al., 2003;
Meade et al., 2002; Reilinger et al., 2006; Straub et al., 1997]. High values are
also observed for the Geyve (13) and Düzce (#11) fault segments with
Poisson probabilities of 15.4% and 17.8%, respectively (based on 180 and
153 year mean recurrence intervals). We calculated the Poisson probabilities
for those fault segments that rupture individually (single-segment ruptures)
for the different model assumptions (GR and CH) (given in Tables 4b and 5b).

For fault segments located beneath the Marmara Sea, we consider the pos-
sibility that secondary faults exist within step overs and that a rupture may
go through segment boundaries, generating higher-magnitude ruptures.Ta
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We attempt to determine the probability of multisegment ruptures for the
five identified segments (1, 2, 4, 5, and 6) that can have 10 different combi-
nations beneath the Marmara Sea (Tables 4a, 4b, 5a, and 5b). For the single-
segment ruptures of the Marmara Sea faults, the largest Poisson probability
is 14%, and 12–14 % for the Ganos (#6), Izmit (#1), and Çınarcık (#2) faults
under the GR distribution model (Table 4b). The Ganos segment last rup-
tured on 9 August 1912 and has a modeled interevent time of 202 and
281 years according to GR and CH distributions, respectively. Similarly, the
Izmit segment last ruptured on 17 August 1999, and its interevent time
was calculated to be 234 and 356 years for the two different distribution
models, yielding 30 year Poisson probabilities for this segment of 12% and
8%, respectively (Tables 5a and 5b). In general, the probability of occurrence
is slightly lower under the characteristic earthquake model because more
moment is devoted to higher magnitude, and thus less frequent earth-
quakes. As pointed out in section 5.1, the output rupture rates are not extre-
mely sensitive to the input magnitude-frequency distributions (Figure 3)
However, rupture probabilities for multisegment ruptures are much smaller
compared to those of the single-segment events because recurrence rates
decrease as a function of slip rate and rupture length. The largest Poisson
probability is 3–4% with a M7.4 earthquake in the Marmara Sea region con-
taining both the Central (#4) andWest Marmara (#5) earthquake sources. The
smallest occurrence probability of 0.5% is calculated for an M7.8 event and
results from the Izmit and Çınarcık fault multisegment ruptures (#1 and #2)
by a GR distribution (Figure 5b and Table 4b).

Additionally, a 30 year Poisson probability calculation is made for M>~7.0
events as a combined model using the following equation:

P ¼ 1� 1� Pnð Þ 1� Pn�1ð Þ 1� Pn�2ð Þ ⋯; (9)

where n is the rupture number. Consequently, the combined Poisson probabil-
ity of aM> 7.3 earthquake in theMarmara Sea is 51% for 2015–2045. It includes
the aggregated probability of 10multisegment ruptures together with the com-
bined probability of single-segment ruptures, Izmit, Çınarcık, Central Marmara,
Western Marmara, and Ganos earthquake sources (Figure 5b and Table 4b).

The aggregated probability is slightly lower (44%) when we assume only the
combined probability of the six single-segment ruptures (M> 7.0). The con-
tribution of the multiple rupture events to the combined probability in the
region is relatively small compared with single-segment ruptures because
the frequency of large-magnitude events (M> 7.3) is lower than that for
smaller-magnitude events (M> 7.0).

The lowest values for the 50th percentile of the Poisson probability are found
for the Ezine (#26) and Biga (#23) single fault segments, at about 2.5%
(Tables 4b and 5b). The reason is due to their low slip rates (~2.0mm/yr)
and a magnitude computed of M7.2. These faults tend to have large recur-
rence intervals (1120 and 1170 years, respectively) and thus represent a
low probability of occurrence (Tables 4a and 5a).

8.2. Probability of Occurrences From a Time-Dependent (BPT) Model

For calculating time-dependent probabilities of earthquake recurrence, one
needs the mean recurrence time, the coefficient of variation, and the date of
themost recent earthquake that resets the clock on the stress state of the fault
back or forward to some initial value. The paleoseismological data in the
Marmara region are sparse and apply to seismogenic sources along the
onland part of the NNAF. Seismological data span only the last 110 years withTa
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limited spatial resolution until 1999 (Kandilli Observatory and Earthquake
Research Institute: http://www.koeri.boun.edu.tr/sismo/indexeng.htm).

Since we do not have observational data of repeated earthquakes on the indivi-
dual faults, we have used coefficient of variation values that are similar to those
used by the RELM of the Southern California Earthquake Center [SCEC, 1994].
These reports described the recurrence density function using a lognormal distri-
bution of recurrence times with aperiodicity that ranges between 0.3 and 0.7.

In Tables 4a and 5a, we present the elapsed time ratios for each source given as
the ratio of the elapsed time from the last event divided by the mean earthquake
recurrence interval, referred to as the average percentile between the 16th and
84th of the Monte Carlo distribution with its standard deviation for the GR and
CHmodels, respectively. The probability values reported in Table 5b for multiseg-
ment ruptures are the same as in Table 4b because, for all the sources, we use a
CH distribution except for segments 1, 2, 4, 5, and 6 and their combinations.

When we consider the 50th percentile for the next 30 years, the largest time-
dependent probability values are found for the Gerede (#12), Geyve (#13), and
Iznik (#14) segments in the eastern and southeastern parts of theMarmara region,
near the cities of Bolu and Bursa (Figure 1 and Table 1). The highest time-
dependent probability value is calculated for the Gerede segment (48.3%). Such
probability is due to the elapsed time (71 years), by its last characteristic event
(1944), very close to its recurrence time of 88 years (Table 4a). The Geyve (#13)
and Iznik (#14) segments have BPT probabilities equal to 30.9% and 30.1%,
respectively (Table 4b). The Geyve segment shows a long time lapsed (719 years)
that is well beyond the average recurrence time (180 years). Similarly, the Iznik
fault segment last ruptured on 15 March 1419, such that the elapsed time of
596 years is three times larger than its calculated interevent time of 191 years.
The corresponding Poisson probabilities for the Gerede and Geyve segments
are relatively small at 29.0% and 15.40%, respectively (Figure 5a). The BPT prob-
ability is larger than the Poisson probability when the elapsed time is close to,
or exceeds, the interevent time. The BPT probabilities for recently ruptured seg-
ments such as the Izmit (#1) and Düzce (#11) faults are lower (0.0% and 0.7%,
respectively) than the Poisson values (12.0 % and 17.8%) due to the short elapsed
time (16 years) after the occurrence of their last events (17 August 1999 and 12
November 1999, respectively). The lowest BPT probabilities (0.0%) are also
observed for the Gönen (#22 ), Biga (#23), and Pazarkoy (#24) faults, in the south-
western part of the Marmara Sea, because of low elapsed time ratios of 0.14, 0.04,
and 0.11, respectively (Tables 4a and 4b). These results are due to recent events
on these segments (March 1953, March 1969, and October 1944).

Beneath the Marmara Sea, the Central Marmara (#4), West Marmara (#5), and
Ganos (#6) single-segment ruptures yield the highest time-dependent probabil-
ities at 17.4%, 16.6%, and 16.3% for the GR model (Table 4b) compared to those
calculated under the CH model assumption (0.94%, 5.55%, and 6.47% for #4, #5,
and #6 fault segments, respectively). Of the identified fault segments capable of
generating M> 7.0 earthquakes, the 50th percentile time-dependent probability
is calculated to be significantly higher (two times larger) than the Poisson value
only on the Central (#4) and West (#5) Marmara Faults. The combined time-
dependent probability that includes #1, #2, and #4 single-segment and multiseg-
ment rupture events is 28% and 32%, respectively. If we include the West
Marmara fault (#5), the combined probability of segments 1, 2, 4, and 5 is 40%,
and the relative probability of combined multisegments becomes 44%. The
values obtained under a Poisson hypothesis are similar (35%) to those obtained
by the combined probability of these single-segment andmultisegment ruptures
(43%) (Figure 5b).Ta
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The time-dependent probability values we report are based on an elapsed time (506 years) calculated from
the 10 September 1509 event as the last earthquake time on faults that involve the multiple-segment rupture
model. We also examined the probability of occurrences for the multiple-segment ruptures using the most
recent earthquake that occurred on any of the 10 combinations of fault segments. Due to some relatively
short elapsed times since the last earthquakes compared to their mean recurrence time, we obtain smaller
time-dependent probabilities using that assumption. These results can be found as supporting information
in the manuscript (Tables S3, S4, S5, and S6).

The 30 year probability for large earthquakes affecting Istanbul can be considered to be around 28–32%
based on the closest faults to this highly populated city. The combined Poisson probability (30–36%) is
slightly larger than the time-dependent probability for Istanbul because of the recency of the 1999 Izmit
earthquake on segment #1.

8.3. Time-Dependent Model With the Inclusion of Coulomb Stress Change

The time-dependent seismic earthquake occurrence rate obtained by the BPT distribution on each fault is
successively modified by the inclusion of a permanent physical effect due to the Coulomb static stress
change caused by failure of neighboring faults since the latest characteristic earthquake on the fault of inter-
est. As pointed out by Hubert-Ferrari et al. [2002], small stress increases (~0.5MPa) are sufficient to trigger fail-
ure in the upper crust. Similar observations are obtained using a Coulomb stress interaction approach in
Western Turkey by Paradisopoulou et al. [2010].

Figure 5. (a) Occurrence probabilities from a Gutenberg-Richtermagnitude-frequency distribution model for each single-segment rupture event over 30 years start-
ing on 1 January 2015 according to Poisson, BPT, and BPT +ΔCFF. For each model, the probability values related to the 16th, 50th, and 84th percentiles are shown in
the plot. The elapsed time from the last characteristic event is computed from the 10 September 1509 event for each multiple ruptures. The strings on the abscissa
refer to the 10 multiple breaks as referred in Tables 4a and 4b. (b) Occurrence probabilities from a Gutenberg-Richter magnitude-frequency distribution model for
multiple-segment rupture events over 30 years starting on 1 January 2015 according to Poisson, BPT, and BPT +ΔCFF. For each model, the probability values related
to the 16th, 50th, and 84th percentiles are shown in the plot. The elapsed time from the last characteristic event is computed from the 10 September 1509 event for
each multiple ruptures. The strings on the abscissa refer to the 10 multiple breaks as referred in Tables 4a and 4b.
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Figure 6. Probability of occurrence of the next characteristic earthquake over 30 years for the fault segments of the Marmara region computed starting on 1 January
2015, according to (a) Poisson, (b) BPT, and (c) BPT + ΔCFF models. The height of the bars corresponds to the 50th percentile probability of occurrence; colors cor-
respond to the magnitude of each segment; the red line presents the fault surface rupture.
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Interaction probabilities are given in Table 4b for three models adopted and are shown in Figures 6a, 6b, and 6c
for the 50th percentile probability of occurrence. The difference in probability between BPT and Poisson and BPT
+ΔCFF and BPT models, respectively, are shown in Figures 7a and 7b. The results in Tables 4b and 5b show a
small Coulomb stress change influence on probability when the faults close to the source under consideration
produced the last event after its latest characteristic earthquake. Small effects are also obtained when the last
earthquake on the neighboring faults has occurred later, but it was located at a distance (or had a focal mechan-
ism) that did not produce a significant change in the ΔCFF. Considering the 50th percentiles of the Monte Carlo
distribution, we observe that the highest positive stress interaction is for the Mudurnu (#9) fault, because the
most recent earthquake occurred on 22 July 1967. The Mudurnu fault segment is located near the southern part
of the Düzce fault segment, and very close to the recently ruptured Izmit fault (Figure 1). This fault was mostly
affected by the transfer of stress from the Düzce earthquake of 12 November 1999. The static stress is raised
by 2.18MPa. The 1999 Izmit event increased the stress beyond the east end of the rupture by 0.1–0.2MPa where
the Düzce earthquake struck and by 0.05–0.5MPa beyond the west end of the 17 August rupture where a cluster
of aftershocks occurred [Parsons et al., 2000; Parsons, 2004]. A lower value of ΔCFF (~1.2MPa) for the Mudurnu
fault was found byUtkucu et al. [2003], using a coseismic slip distributionmodel calculated using finite-fault inver-
sion of teleseismic P and SH waveforms of the 12 November 1999 Düzce earthquake.

In our model, the high value (2.18MPa) obtained for the Mudurnu segment (#9) could be related to the proxi-
mity to the Izmit fault (#1) and the small difference in strike between two faults, 85° and 84°, respectively, apart
from the different slip distribution applied in the model. Another reason could be the size of the grid (2 × 2 km)
chosen in our analysis. For the South Saros (#8) and Abant segments (#10) located in the western and eastern

Figure 7. The difference in the occurrence probability of the next characteristic earthquake over 30 years for the examined
region computed starting on 1 January 2015, between (a) BPT and Poisson models and (b) BPT + ΔCFF and BPT models,
respectively.
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parts of the Marmara region, the stress interaction is positive. In fact, both faults present a ΔCFF of 0.8MPa. For
the South Saros fault segment, the 50th percentile of the Monte Carlo distribution gives in the next 30 years a
20.9% and 23.0% of probability of occurrence, for the BPT renewal and BPT+ΔCFF models, respectively (
Figure 5a and Table 4b). This fault is mostly affected by the Ganos (M7.3) and North Saros (M7.1) earthquakes
that occurred on 9 August and 13 September 1912, respectively. The Abant fault segment (#10) is almost par-
allel to the Düzce fault (#11) and is affected by the 1999 event. The probability of occurrence increases up to
10.4% compared with standard renewal value of 4.2%.

The Izmit fault (#1) shows a stress change of 0.6MPa due to the transfer of the stress caused by the occurrence of
the event of 12 November 1999 on the Düzce fault segment (#11). However, both the BPT and BPT+ΔCFFmodel
probability values are still small (0.0% and 0.6%, respectively) for the next 30 years after 1 January 2015. The stress
change for the Düzce fault (#11) is equal to zero because the latest known earthquake on the fault is also the last
earthquake in the catalog and no other large event on the neighboring faults has occurred since 12 November
1999. Considering the next 30 years, the 50th percentile probability for this fault from the BPT+ΔCFFmodel is the
same as the probability from the simple renewal BPT model that is equal to 0.7%.

Examining the rupture probability beneath the Marmara Sea and around Istanbul for the next 30 years, we
observe a maximum positive stress change of 0.54MPa on the Çınarcık fault segment (#2), which is mostly
affected by the 1999 Izmit earthquake. This positive stress change increases the probability of occurrence
from 13.3% to 15.5% considering the BPT and BPT +ΔCFF, respectively. For the rest of the Marmara Sea faults,
the positive stress change is lower (~0.2MPa) as the influence of the Izmit earthquake diminishes toward the
west. Again, the probability of occurrence is lower for the characteristic earthquake model (Table 5b). For
example, for the Ganos fault segment (#6), the probability under the BPT +ΔCFF model is ~16.9% from the
GR model (Table 4b) compared to 7.16% from the CH model (Table 5b). The combined probability of
M> 7.0 earthquakes around Istanbul considering the single segments (#1, 2, 4, and 5), and incorporating
both time dependence and stress transfer into the calculations, is 42%. It increases up to 47% considering
both single- and multiple-segment ruptures (Figure 5b).

9. Discussion and Conclusions

We have applied in the Marmara region three earthquake occurrence models (Poisson, BPT, and BPT+ΔCFF)
to an upgraded fault segmentation model based on new knowledge of the North Anatolian Fault Zone
(NAFZ) configuration, for examining their effect on characteristic earthquake rupture forecasts for the next
30 years, starting on 1 January 2015. Moreover, since the Main Marmara fault could rupture in a great earth-
quake by linking up the individual segments across the Marmara Sea, the probability to have a strong event
at Istanbul for the time period 2015–2045 has been also reviewed under this hypothesis.

In this study, the epistemic uncertainties are explored for the earthquake rupture forecast. The consideration
of such uncertainties is important both to quantify the range of values for a given rupture probability and also
to illustrate which model assumptions lead to the most significant variation in the calculated values.

The overall uncertainties on the source parameters (α, Tr, and M) together with their related parameters are
included into the probability calculations simultaneously through a Monte Carlo approach. Uncertainty on each
parameter is represented by the 16th, 50th and 84th percentiles of the simulated values. The choice of fault para-
meters influences the results of the earthquake rate forecasting models. The geometrical parameters of the fault
together with the expected magnitude and long-term slip rate have an influence on the computation of the
mean recurrence time, which is the basic ingredient to compute earthquake probability, both under a time-
independent Poisson assumption and in time-dependent renewal approaches. The results of the present study
clearly illustrate the influence of fault parameters on the probability calculations. As can be seen in Figures 5a and
5b, the dispersion around the 50th percentile time-dependent probabilities (given by the 16th and 84th percen-
tiles) is mostly asymmetric because the distributions of the probability density functions that are estimated from
the Monte Carlo approach take a mostly lognormal distribution form for each fault segment. The occurrence
probability is nearly doubled with respect to its median value for those faults that have large elapsed time ratios
(i.e., Geyve, Iznik, and Bursa), while it decreases only 0.5 times with respect to its median (Figures 5a and 5b).

In some cases, we have recurrence times Tr smaller than the elapsed time since the last earthquake. These
values have a major influence on the probability from the renewal models. In fact, for the Geyve (#13),
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Iznik (#14), Yenisehir (#15), Bursa (#17), and Bandirma (#21) faults, the elapsed time ratio is larger than 2.5,
meaning that the elapsed time is more than twice the mean recurrence time. Therefore, they present larger
probability of occurrence in the next 30 years (Figures 5a, 6b, and 6c). We also obtain larger probability values
for faults like the Gerede (#12), South Saros (#8), and Central Marmara (#4) faults, which have an elapsed time
ratio close to 1 (0.7–0.8). Moreover, the effect of the α parameter uncertainty is reflected in the probability
calculation through the Monte Carlo simulations. In other words, considering a renewal model increases
the overall uncertainty in occurrence probability compared to the uncertainty over the Poisson model, as
there are more parameters involved.

The behavior of a BPT model depends strongly on the value of α, so that its hazard function increases with
decreasing values of α and becomes Poisson-like with values that approach 1.0. This effect gets more pro-
nounced depending on the proximity in time of the latest event on the fault that dominates the probability
value at a given site. From the uncertainties (16th and 84th percentiles) presented in Figures 5a and 5b, it is
difficult to follow the details of the behavior of each fault as a function of elapsed time, and the parameters
that most influence the uncertainty in the probability estimates and/or contribution of each of those para-
meters to the overall uncertainty.

The interaction model of BPT +ΔCFF feels the effect of both the dimensions and the mechanism of the fault.
The Coulomb static stress change is affected by all these parameters, while the tectonic stressing rate that
varies the clock change depends on fault geometry. We calculated a strong increase in the probability of
occurrence for the next 30 years on the Mudurnu (#9) fault segment considering the BPT +ΔCFF model,
which was caused by the positive stress transfer accumulated from the 12 November 1999 Düzce earthquake.
The interaction probability of occurrence is increased almost 10 times compared with the simple renewal
model (1.3% versus 13.8%) because of a 2.18MPa stress increase. For the rest of the Marmara region faults,
we did not observe any significant variation of the probability obtained from the renewal models with the
introduction of stress transfer.

The probability to have a strong event at Istanbul comes mainly from the Central (#4), Western Marmara (#5),
and Çınarcık (#2) fault segments. The time-dependent probabilities under the BPT model are 17.4%, 16.6%,
and 13.3%, for each single-segment rupture. Taking into account the stress change effect, these probabilities
are modified slightly to 17.7%, 16.6%, and 15.4%, respectively. The combined Poisson probability that at least
one of these three faults will rupture in the next 30 years is 26.6%. Considering the time-dependent model
together with the stress interaction, the combined probability increases up to 42% if multisegment ruptures
are allowed. These findings are in agreement with those of Parsons [2004] who found that the probability of
having an earthquake (M≥ 7.0) close to Istanbul rises from a Poisson estimate of 21% to values of 41% under
the time-dependent interaction model and are also similar to calculations by Bohnhoff et al. [2013] and
Paradisopoulou et al. [2010]. Considering the stress transfer effect from the Izmit earthquake in the calculations,
the combined probability to have an event withM≥ 7.0 up toM8.0 at Istanbul city, obtained by the BPT+ΔCFF
model with the contribution of #1, 2, 4, and 5 single faults and their multisegment combinations, becomes 47%.

In this study, we incorporate uncertainties for fault source parameters (fault length, fault width, and slip rates)
and their resulting recurrence rates in the calculation of probability of occurrence without going further to
assess the relative contribution of each fault to the seismic hazard, as would be done in PSHA. However,
our results as well as the parameters obtained in the present study are crucial, and the primary components
in establishing the probabilistic seismic hazard map that is used for risk mitigation in many countries, being
the foundation of the building code definition.

We would like to note that our fault model is based on an assumption of complete fault coupling and thus
ignores the probability of aseismic creep on any of the fault segments. Neglecting the possibility of aseismic
creep may lead to a bias toward higher seismic hazard according to the UCERF2 and UCERF3 models [Field
et al., 2014] where the seismic moment rates are reduced due to observed creeping processes on some
California faults [Weldon et al., 2013]. Slip rate reductions on highly creeping faults act to limit the rate of
throughgoing ruptures [Page et al., 2013]. Recently Noda and Lapusta [2013] presented a “plausible physical
mechanism” for ruptures passing completely through the creeping section of the San Andreas Fault. They sug-
gested that currently creeping fault regions, which are thought to be stable and aseismic, may participate in
destructive events and host large seismic slip. Although the North Anatolian Fault (NAF) system is one of the
best studied fault systems in Turkey, the fault characteristics and parameters which are crucial for a complete
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moment-balanced PSHA still involve large uncertainties (see Table 1). Furthermore, the existing seismic obser-
vations lack the spatial and temporal resolution required to accurately distinguish differences between locked
and creeping segments in the NAFZ. At present, we do not have enough reliable information on the creep rate,
especially for those segments located in the Marmara Sea, close to the city of Istanbul. An exception is the
Ismetpasa segment, within the 1944 earthquake rupture area that is located in the eastern part of the
Marmara region. Cakir et al. [2005] estimated a 8±3mm/yr creeping rate, and the spatial extent of the
Ismetpasa creeping segment using interferometric synthetic aperture radar data (from 1992 through 2001) sug-
gesting also that the NAF at Ismetpasa does not creep at seismogenic depth, unlike the creeping segment of
SAF on the north of Parkfield [Özakın et al., 2012; Kaneko et al., 2013]. Recently, Bohnhoff et al. [2013] identified
a 30 km long fault patch that is entirely aseismic down to a depth of 10 km and locked. They suggested a sce-
nario for the NAFZ segments of the Marmara Sea that is similar to that of the 2010 Mw8.8 Maule Chile event,
which nucleated in a region of high locking gradient and ended up releasing most of the stress accumulated
along the fault since the last major event. In fact, our fault model in the present paper considers a multisegment
rupture model that allows higher-magnitude ruptures over some segments of the northern branch of the North
Anatolian Fault Zone (NNAF) beneath the Marmara Sea.

Here we highlighted those sources in which time dependencemay produce a significant increase or decrease
in ground shaking hazard [Akinci et al., 2009] in the Marmara region. Further studies may be used to under-
stand the impact of earthquake recurrence models on the PSHA estimate. These issues are worthy of further
investigation in the next step.
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